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FOREWORD 
This  i s  the Final  Report  under NASA Contract NAS9-3413 and cove r s  
the work per formed during the period 7 August 1964 through 7 September  
1965 on the development of oxidation res i s tan t  coatings fo r  the protection 
of tantalum-base alloys at tempera tures  above 350O0F. 
This  p r o g r a m  was accomplished under the technical direct ion of M r .  
T .  A. Clancy of the S t ruc tures  and Mechanics Division, Manned Space- 
c ra f t  Center ,  National Aeronautic s and Space Administration. 
This repor t  has  been assigned Vitro Labora tor ies '  in te rna l  number 
VL-2382-13-0. 
In addit ion to the au thors ,  those contributing to the per formance  of this 
p r o g r a m  a t  Vitro included D r .  S .  Grand, Department Head, and M e s s r s .  
R .  Armswood and R .  Sonner, Research  Technicians.  
vii 
1.  INTRODUCTION AND PROGRAM OBJECTIVES 
This  i s  the Final  Report  on NASA Contract NAS9-3413 covering the period 
7 August 1964 - 7 September  1965. 
formed for the NASA Manned Spacecraft  Center ,  Spacecraf t  Mater ia l s  
Branch,  S t ruc tures  and Mechanics Division. M r ,  T i m  Clancy of the 
S t ruc tures  and Mechanics Division was the NASA Pro jec t  Engineer .  
Work under this  contract  was p e r -  
The objective of this  p rogram was the development of oxidation res i s tan t  
coatings for  use  above 350O0F. All coatings studied in the cour se  of the 
p r o g r a m  w e r e  formed by electrophoretic deposition s ince this  is  a 
flexible and rapid m e a n s  of screening a var ie ty  of candidate sys t ems  and 
s ince th i s  coating technique lends itself readily to  the formation of 
uniformly gradat  ed multicomponent sys tems.  
The p r e m i s e  upon which th i s  program was  based was  that oxidation p ro -  
tection of re f rac tory  alloys a t  t empera tu res  above 3500°F will  m o s t  likely 
be  accomplished with r e f r ac to ry  ceramic  oxides which do not me l t  at this  
t empera tu re .  The re f rac tory  oxides,  however,  cannot be direct ly  
deposited i n  useful f o r m  on a re f rac tory  me ta l  s ince  no mechanism for 
bonding to the subs t ra te  (i. e ~ solid solution, chemical  displacement)  is 
available,and because the difference of t he rma l  expansion between the 
oxide and the me ta l  l eads  to cracking of the coating upon cooling f r o m  the 
s in te r ing  t empera tu re .  F o r  these reasons,  s y s t e m s  w e r e  studied in  which 
a n  in te rmeta l l ic  compound having: (a) a high melting point. (b) good 
inherent  oxidation res i s tance  and diffusional stabil i ty,  and ( c )  a coefficient 
of t h e r m a l  expansion intermediate  between that  of the oxide and the sub- 
s t r a t e ,  was  used to f o r m  a gradated bonding layer  between the alloy to be 
pro tec ted  and the oxide protect ive layer .  
2 .  MATERIALS AND EQUIPMENT 
2 .  1 Phys ica l  P r o p e r t i e s  and Analysis of Coating Mate r i a l s  
In th i s  sect ion a review is presented of the p rope r t i e s  of the coating and 
subs t r a t e  m a t e r i a l s  selected fo r  study in  th i s  p rogram.  Table 1 shows 
se lec ted  physical  p rope r t i e s  f o r  a number of compounds studied in this  
p r o g r a m ,  while Table 2 summar izes  the sources  of supply f r o m  which 
t h e s e  m a t e r i a l s  w e r e  obtained. 
ana lys i s  of the s a m e  powders .  
Tables 3-7 give the r e su l t s  of chemical  
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Compound 
3 .  570 CaO-Stabilized , 
HfO, -Fr ee Zirconia 
TABLE 2 
EXPERIMENTAL MATERIALS 
8% Y203- Stabilized Zirconia 
CaZr03 
S rZr03  
TaSi, 
MoSi, 
ZrBz 
Ta2Be17 
WSi, 
Source and F o r m  
Zirconium Corp. of Amer ica ,  
Grade CH nominal 5 mic ron  powder 
Zirconium Corp. of Amer ica ,  
nominal 5 micron  powder 
Zirconium Corp. of Amer ica ,  
nominal 5 micron  powder 
Zirconium Corp. of Amer ica ,  
-325 mesh  powder 
A. D. Mackay, 
99 -t 70 pure  
-150 $325 mesh  powder,  
Linde Type A, 
99.98 t '70 pure  
0 .3  mic ron  powder,  
Shieldalloy 3 micron  powder 
A. D. Mackay, -200 mesh  powder,  
99 -t 70 pure  
Brush Beryl l ium, -200 mesh  powder 
Shieldalloy, -325 mesh ,  99% puri ty  
3 
TABLE 3 
TYPICAL ANALYSES O F  ZIRCONIUM COMPOUNDS 
3 .  So/oCalcia- 
Stabilized 
Zirconia  
A1 200 ppm 
B 1 
Cd 0 . 5  
c 1  10 
C r  50 
c o  1 
Cu 25 
F e  500 
Hf 100 
P b  5 
Mg 200 
Mn 10 
Ni 10 
Si 1500 
T i  150 
(SO4) 500 
870 Y2O3- 
Stabilized 
Zirconia  Calcium Zirconate  Strontium Zirconate  
ZrO2 91. 870" ~ 1 2 0 3  0.  17'0 
S i02  0.270 S i02  4 0.570 CaO 0. 9% 
A1203 0. 1% L . O . I .  < 1% BaO 1. 770 
y 0 8 yo:: :c c a 2 r 0 3  > 99% Si02  0.1% 
S r Z r 0 3  Balance* 
.*, I,. 
ZrO2 impur i t ies  shown 
in Column 1 
:< :% y 0 2 3 is  c o m m e r c i a l  g rade ,  
containing about 10% rare 
ear ths ,  compatible with 
Z rO2 
4 
TABLE 4 
SPECTROGRAPHIC ANALYSES O F  MoSiZ AFTER DILUTE HC1 LEACH 
Impuri ty  
A1 
B 
Ba 
Ca 
c o  
C r  
c u  
F e  
Mn 
Mg 
Y O  
0. 05 
0 .005  
0 .005  
0 . 2  
0 . 0 0 5  
0 . 0 2  
0 . 0 0 7  
0 . 1  
0 . 0 0 5  
0 . 0 0 5  
Impuri ty  Y O  
Ni 0 , 0 0 1  
Sn 0 .001  
T i  0 . 0 0 3  
V 0 . 0 1  
Ag, Be, Bi ,  Ga,  In, P d ,  S r ,  Z r  - Not detected,  < O .  001% 
As,  Au, Cd, Hf, I r ,  L i ,  Na,  O s , R u , S b ,  T a ,  W - Not detected,  4 0. 0570 
Ge,  Cb, P b ,  Rh, Pt - Not detected,  < 0 .  00570 
5 
TABLE 5 
SPECTROGRAPHIC ANALYSIS OF ZIRCONIUM DIBORIDE POWDER 
Impurity 7 0  
Ca 
c o  
C r  
F e  
Hf 
Mn 
Mo 
Si 
T i  
0 . 0 0 5  Not Detected, <0.00570 - Ag, Al, Ba, Be, Bi, 
0 . 0 2  Cu, Ga, In, Mg,  Ni, 
0 . 0 1  P d ,  Sn, S r ,  V ,  Cb, 
0 . 0 7  P b ,  Pt, Rh, Ge 
1 
0 . 0 0 1  Not Detected, 40.0570 - As,  Au, Cd, I r ,  Li, 
0 . 0 2  Na,  Os ,  Ru, Sb, Ta ,  
0 . 0 0 3  T1, W ,  Zn 
0 . 0 5  
6 
TABLE 6 
SPECTROGRAPHIC ANALYSIS O F  
TUNGSTEN DISILICIDE POWDER (SOURCE "A") 
ND<o. 001% 
0.0770 
m<O. 0570 
ND<o. 0570 
ND<O. 001~0 
ND<O. 001% 
0.0170 
ND<o. 00170 
0.0370 
ND<o. 0570 
0.001% 
0.00770 
0.005% 
0.1% 
ND<o. 001% 
7 
I .  
TABLE 6 (Continued) 
96 * 
(ND< - Not Detected Less Than) 
TABLE 7 
ANALYSIS OF 
TUNGSTEN DISILICIDE POWDER 
(SOURCE "B") 
W 
Si 
C 
Fe 
2r 
76.0 ya 
23 .4  
00.12 
00.15 
00. 20 
99.87 % 
8 
Since tantalum aluminide was  not  available commerc ia l ly  in powder f o r m ,  
the compound was synthesized at Vitro. X-ray diffraction analysis  showed 
that the only identifiable phase was  TaA13 with I'd'' spacings comparable  to 
the ASTM standard.  
2.  2 Gradated Coating Equipment 
2. 2 .  1 Descrilstion 
The gradated coatings used in this  program were  deposited with a special  
Vitro-designed pumping sys tem operating in conjunction with an  electro-  
phoret ic  cel l .  The pumping sys t em is  shown in  F igu re  1, and a photograph 
of the pumps combined with typical electrophoretic deposit ion equipment 
is  shown in F igu re  2, 
The pumping sys tem,  designed to feed a 2-component, continuously var ied 
electrophoret ic  d i spers ion  to  the coating vessel ,  cons is t s  of two Sigma- 
m o t o r  Type T-8  tubing pumps dr iven  by a 1 /2  hp, 1800 r p m  moto r  which 
i s  coupled to the pumps through a Vickers var iable  speed reducer  and two 
Graham variable  speed d r i v e s  connected in opposition. 
pumping speed of the T - 8  pumps is set  by the output r p m  of the Vickers  
control .  
va ry  the speed of one tubing pump f r o m  570-10070 of the maximum r p m  
while the  other  pump ope ra t e s  between 100'7'0 and 5'7'0 of the maximum. The 
per iod  of the coating run  was  adjusted by connecting a motonzed  dr ive  and 
t iming switch to the control on the Graham d r ives .  
The maximum 
The function of the two variable speed cross- l inked d r ives  is  to 
A cal ibrat ion curve  which gives the variation i n  composition of the 
?limy, e f f l i i e n t s  a s  a function of the setting of the control  on the Graham 
d r ives ,  is shown in F igu re  3. 
of the control  and its shape invariant at  input pumping speeds ranging 
f r o m  210-1620 r p m  when pumping a fluid mixture  containing 60 vol '7'0 
isopropanol-40 vol. '7'0 nit romethane 
The curve i s  a lmost  l inear  over  the range 
Measuremen t  of the total  volumetric flow ra t e  obtained a t  var ious input 
speeds  and ve rn ie r  set t ings indicated that at each input speed the flowrate 
w a s  constant over  the middle of the range of the ve rn ie r  and increased  
slightly a t  the low end and high end of the range. 
probably due to small d iscrepancies  between the pumping rates of the 
individual tubing pumps ~ 
This  var ia t ion was  
9 
Q 
3 
E. 
a 
? 
I- 
--0 a 
W 
0 
0 > 
Is) 
- n 
.- 
L 
7J 
W 
W 
P 
l n -  
‘ - 0  
‘ v )  
ZL 
.o E 
> V  
10 
L 
c 
0 
0 
2 
11 
/ 
=F 
I 
I I 
0 3  
C 
0 
+ 
.- 
L 
0 > 
- C  - - 
/ 
0 0 0 
N 
k 
;cl w 
cr cr w 
12 
An electrophoret ic  cel l  fo r  coating panel specimens was tes ted and found 
to be sat isfactory.  
deep. 
F igu re  4 is  a sketch of this cel l .  
bottom and flows upward pas t  the specimen. 
of the d ispers ion  en te r s  horizontal  recirculat ion channels which c a r r y  i t  
back to the pumps for  fur ther  mixing. 
overflows to a was te  collecting vessel .  
This cel l  h a s  inside dimensions of 1/2" x 1 "  and i s  1-1/2" 
It is suitable for  coating specimens which are . 020" x 1 /2"  x 1-1/4".  
In operation, the d ispers ion  e n t e r s  at the 
At the top of the ce l l  the bulk 
The remainder  of the d ispers ion  
2 a, 2 e 2 Coating: Rate Studies 
In o r d e r  to evaluate the effectiveness of the deposition equipment in p ro -  
viding a gradated coating, pre l iminary  experiments  w e r e  made  by 
depositing a mix tu re  of oxide and nickel oxide powders on Kovar and copper 
w i r e s ,  and subsequently hydrogen reducing and s inter ing the gradated 
deposit .  A gradation of color was  observed with the copper-nickel gradated 
coating and chemical  ana lyses  showed a uniform change f r o m  one m e t a l  to  
the o ther .  
In subsequent experiments  on the deposition of oxides and in te rmeta l l ics ,  i t  
was  shown that in  o r d e r  to p r e p a r e  uniformly gradated coatings f r o m  two 
d ispers ions  of different compounds at  the s a m e  concentration, i t  i s  
necessa ry  that the coating r a t e s  of the individual d i spers ions  be equal o r  
nea r ly  equal. 
cent  of 90ZrB2- 10MoSi2, WSiz, 8O/oY~03-~tabi l ized Z r 0 2 ,  3. 570CaO- 
s tabi l ized zirconia ,  S r Z r 0 3 ,  and C a Z r 0 3  w e r e  investigated.  
The coating r a t e s  of dispers ions containing one weight p e r -  
The  d ispers ions  w e r e  prepared  as follows: 
-325 m e s h  solids 8 . 5  g r a m s  
60% i sop ropanol-400/o nitromethane 850 ml 
Zein binder solution 6 ml 
Electrolyte  solution 0 . 5  ml 
Steel  pane ls  were  coated f r o m  these  d ispers ions  at 200 and 300 volts for  
per iods  of 1 /4 ,  1 /2 ,  1, 2 ,  3, and 4 minutes,  and the coating thickness  
and weight i n c r e a s e  was  recorded a s  a function of t ime.  
shown i n  F i g u r e s  5 and 6 .  It may  be seen  that the coating r a t e s  of the 
MoSiZ and calcia-s tabi l ized zirconia d ispers ions  w-ere lower than those 
of the o the r  m a t e r i a l s .  
The r e su l t s  a r e  
Modifications of the par t ic le  s ize  of these  
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dispers ions  would be required to increase  the i r  coating r a t e s .  
f o r  yt t r ia-s tabi l ized zirconia  and 90ZrB2- 10MoSi2 indicate that these 
d ispers ions  may  be made to coat at the s a m e  ra t e  by operat ing at a 
potential  between 200 and 300 VDC. 
The cu rves  
Experiments  with gradated coatings of in te rmeta l l ic  compounds and oxides 
w e r e  performed a f t e r  study of the deposition r a t e s  of the individual 
ma te r i a l s .  Tungsten dis i l ic ide w a s  selected as a model  in te rmeta l l ic  
compound and was  codeposited with yt t r ia-  stabil ized zirconia  o r  with 
s t ront ium zirconate  to obtain graded coatings on Ta-1OW alloy panels.  
number  of coating trials w e r e  made  to develop coating information. 
example of typical coating conditions was : 
A 
An 
Pump Motor Setting 100% 
Motor Control ler  Setting 
Voltage 200-500 VDC 
Cur ren t  1 Oma (constant)  
Delay Time (coating of W S i 2 )  5 minutes  
Grading Time 5 minutes  
F ina l  Time (coating of oxide) 3 minutes  
2 (equivalent to 5 minutes)  
Under these  conditions, 0.020" thick gradated green  coatings were  p ro -  
duced. This 0.020" thickness  was  composed of 0 .008" of intermetal l ic ,  
0.  006" of gradated ma te r i a l ,  and 0.006 ' '  of oxide. Isostat ic  press ing  of 
the coating a t  25 tsi reduced the thickness of t h r e e  regions to' approxi- 
mate ly  one half of the deposited values. 
2 . 2 .  3 P a r t i c l e  Size Studies 
The coating r a t e  cu rves  presented  in Section 2 . 2 . 2  indicated some v d r i -  
at ion of coating r a t e s  among the dispers ions of i n t e re s t .  
and additional gradated coating experiments  indicated that  the coating 
r a t e s  w e r e  lower than des i r ed .  
with the  par t ic le  s ize  distribution of the d i spe r sed  pa r t i c l e s ,  a sedimen- 
tation exper iment  was run to check the par t ic le  s i ze  of s eve ra l  as - rece ived  
m a t e r i a l s .  
through a 325 mesh1 sieve (44 microns)  r e a d i l y  but which exhibited 
different  coating r a t e  curves  were  chosen f o r  the study. 
exper iment  was  similar to that reported by Skinner and Riley(')' ' . 
These r e su l t s  
Since these  r a t e s  v a r y  considerably 
WSi2 and calcia-  stabilized ZrO2 powders  which passed 
The sedimentation 
One 
.I- ,* 
Super sc r ip t s  r e f e r  to l i t e r a tu re  sources  l is ted under References 
1 7  
C 
hundred g r a m s  of WSi2 o r  CaO-stabilized Z r 0 2  w e r e  s lu r r i ed  in  disti l led 
water ,  and introduced into the top of a 34" high column of disti l led wa te r  
contained i n  a g l a s s  tube 3-5/8" in d iameter .  The powders  w e r e  allowed 
to set t le  fo r  2 2  minutes ,  a f te r  which the suspended m a t e r i a l  was  decanted 
and both portions w e r e  evaporated to d ryness  and weighed. 
w e r e :  
The resu l t s  
WSiz 
Coar se  Mater ia l  
(Approx. 16-44 mic rons )  57. 370 
Fine  Mater ia l  
(Approx. 15 mic rons  
and below) 42. 770 
CaO- Stabilized 
ZrO2 
86. 0% 
14. 0% 
Thus, the experiment showed a substantial difference in the par t ic le  s i ze  
distribution of these  two ma te r i a l s .  
This  difference was  a l so  evident when the ma te r i a l s  were  examined under  
a 120 X binocular microscope.  
des i r ab le  to modify the raw powders by grinding to make  the i r  par t ic le  
s i ze  distributions m o r e  s imi l a r  for gradated coating applications.  
In view of these  findings it appeared 
Similar settling experiments  w e r e  conducted on other  raw powdered 
m a t e r i a l s  of i n t e re s t  including a new lot of 3. 5'7'oCaO-stabilized Z r 0 2 .  
According to  Stokes'  Law, the 22 minute sedimentation t ime will  remove 
all pa r t i c l e s  l a r g e r  than 15 mic rons  in d iameter ,  assuming a n  average  
pa r t i c l e  density oi 6 g i c c .  'l'he pertinent equation f o r  the t ime or" iaii ( r j  
of spher ica l  par t ic les  of radius  r and density d l  through a column of 
liquid of density d2, height h ,  and viscosity n, under the gravitational 
acce lera t ion  g i s :  
t = 9hn/2gr2(d l -d2)  
The r e su l t s  of the sedimentation t r i a l s  a r e  summar ized  in  Table 8. 
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TABLE 8 
Mate rial 
MoSi2 
SEDIMENTATION STUDIES O F  SELECTED 
INTERMETALLICS AND OXIDES 
70 Coarse  
History ( 7 1 5 A )  
As received (-325 m e s h )  48, 7070 
MoSi2 Milled f o r  48 hours  6 .  25'k 
3. 570 CaO-stabil ized Z r 0 2  As received (-325 m e s h )  13.40 
3. 570 CaO- stabil ized Z r02  Milled for  6 hours  3 .00  
S r Z r 0 3  As received (-325 m e s h )  28 .80  
80JoY2O3 -stabil ized Z r 0 2  As received (-325 m e s h )  32.00 
.lr 
"* Dried agglomerates  of very  fine par t ic les  
It was  evident f r o m  this  data that the s ize  and distribution of par t ic les  in  
these  r aw m a t e r i a l s  var ied considerably.  
able  s ince the in te rmeta l l ics  and oxides will  deposit  at widely different 
r a t e s .  The d e c r e a s e  f r o m  86% to 13% fo r  the coa r se  f ract ion of two lots 
cf -325 mesh czlria.-stahil ized zirconia obtained f r o m  the same  manufac- 
t u r e r  w a s  par t icular ly  striking. As  a r e su l t  of this experiment ,  a ball- 
mil l ing study was  per formed with the c o a r s e r  m a t e r i a l s  t o  reduce the i r  
ave rage  par t ic le  s i ze  to the s a m e  range as that of the f iner  powders .  
These var ia t ions w e r e  unaccept- 
The r e s u l t s  of this  study showed that i t  was  necessa ry  to  ball  mill both 
the intermetall ic and oxide ma te r i a l s ,  and then leach the powders  in 5070 
HC1 solution and d ry ,  in  o r d e r  to obtain sufficiently fine powders f o r  
ac t ive  s inter ing.  
s tud ies"  
The following procedure was used in the subsequent 
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Two hundred g r a m s  of -325 m e s h  intermetal l ic  o r  oxide m a t e r i a l  w e r e  
mil led i n  isopropanol for  48 hours in a 400 ml, chrome-manganese s tee l  
mill containing seventy, 1 /2"  diameter  chrome-manganese s t ee l  ba l l s .  
The mill ing speed was  150 rpm.  After mill ing,  the charge was 
evaporated to dryness  and then leached with approximately 250 ml of a 
5070 HC1 solution. 
s eve ra l  t imes  with de-ionized wa te r  and then dr ied.  The powder was  
then ready for  u s e  in  e lectrophoret ic  d i spers ions  for  gradated coating 
experiments  . 
Upon completion of leaching the ma te r i a l  was  washed 
2.  3 High TemDerature (4000OF) Oxidation Tes t  Furnace  
An experimental  induction-heated ver t ica l  z i rconia  muffle furnace 
(Model No. 1F-1)  was  purchased f rom the Zirconium Corporation of 
Amer ica ,  Solon, Ohio in  o r d e r  to conduct the oxidation t e s t s  on the 
var ious coating sys t ems  above 3500OF. A furnace of this  type was  
recent ly  used by Tapco for  testing oxidation res i s tan t  coatings on 
tungsten(2).  
The furnace  cons is t s  of a calcia-stabil ized zirconia tube, 20 inches long 
with an outside d iameter  of 2 inches and an inside d iameter  of 1-1/2 inches.  
This  muffle is surrounded by a graphite susceptor ,  which in  turn ,  is 
encapsulated in  a quar tz  envelope. The induction coi ls  a r e  positioned 
outside of the quar tz  envelope o r  chamber .  The graphite susceptor  and 
lampBack insulation a r e  protected from oxidation during operation by 
ni t rogen gas  flowing under  a slight positive p r e s s u r e  through the quar tz  
chamber .  
the use  of a re t rac tab le  bottom pedestal. 
shaft  of calcia  stabil ized zirconia (1 /2  inch d iameter )  capped with a 1 /2  
inch d i ame te r  z i rconia  d isc .  'l'he disc is  used as the specimen carrier. 
Alumina heat  shields a r e  used a t  the top of the zirconia muffle to opera-  
ting t empera tu res  of 3200°F and zirconia heat  shields a t  t empera tu res  
above 3200OF. F r e e  expansion of the zirconia  muffle is  allowed through 
the use  of a bellows sea l  at the top portion. 
t empera tu re  for  the furnace  is  3000°-32000F and its maximum operating 
t empera tu re  with a zirconia inner tube is  4500 F. 
Loading and unloading of the furnace is  accomplished through 
This  pedestal  h a s  a two-section 
The recommended idling 
0 
A gas  f lowmeter  is provided for  the output end of the furnace so that 
p r e s s u r e  drop  will indicate cracked ZrOZ tube o r  other  undesirable  leak, 
and a w a t e r  line f i l ter  i s  used to remove foreign par t ic les  f r o m  the 
cooling loop. An auxiliary safety water supply sys t em which opera tes  to 
20 
I 
cool the furnace by gravity feed in the event of a water  p r e s s u r e  drop on 
the ma in  supply was a l so  installed.  
shown i n  F igure  7 and detai ls  of the support stand and furnace a re  shown 
in F igures  8 and 9 .  
With full power of 20 kw applied to the coil, the max imum tempera ture  
reached was 222OoC (4028OF).  
was  held with a power input of 13-15 kw. 
A photograph of the equipment i s  
The init ial  furnace operat ion proved to be sat isfactory.  
After heat-up, a t empera tu re  of 3500°F 
Several  small changes in  the equipment w e r e  made  before  the  oxidation 
t e s t s  w e r e  conducted , i. e . ,  
1. 
2 .  
3 .  
the N 2  protect ive gas  flowmeter was moved so that flow 
measuremen t  was  made  on the input side of the furnace 
the air cylinder was  adjusted to obtain a smoother ,  m o r e  
controllable motion of the pedestal  
a sma l l e r  specimen pedestal was  designed so  that t e s t  
specimens w e r e  m o r e  easily mounted and inser ted ,  
m o r e  easi ly  observed during t e s t ,  and easi ly  removed 
f rom the furnace.  
Af te r  a continuous run of nine days at 3200°F, the furnace was  cooled for  
examination because the tempera ture  could not be ra i sed  to 3500°F, r e -  
g a r d l e s s  of power input. 
An inspection of the cooled furnace  showed that the graphite felt  insulation 
had oxidized, presumably because of air leakage. The insulation was 
rep laced  and the furnace  checked for gas  leaks .  It was  then reheated 
sa t i s fac tor i ly  and oxidation t e s t s  were  conducted at 35Ou 5 .  -0- 
Subsequent experience with the furnace indicated that  the water-cooled 
end s e a l s  w e r e  poorly designed and fabricated.  
insp i ra t ion  of air through the thermal  insulation and gradual burnup of 
the lampblack insulation and graphite spli t  r ings.  
redes ign  and reinstallation i f  additional work  is done with the furnace.  
Inadequate sealing led to  
The sea ls  will r equ i r e  
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3. PRELIMINARY COATING AND SINTERING STUDIES 
3. 1 Sintering of P u r e  Oxides, P u r e  Intermetal l ics  and 
Composite Pe l le t s  
To de termine  the approximate tempera ture  range required to s in t e r  
gradated coatings of the ma te r i a l s  listed in Tab1 e 1, sinte ring t r i a l s  
w e r e  per formed with the pu re  oxide and intermetal l ic  compounds in  the 
f o r m  of p re s sed  d iscs .  Before preparing the d i sc s ,  all m a t e r i a l s  were  
ball-milled to 100% -325 m e s h  s i ze  i n  a chrome manganese  s tee l  mill, 
and the result ing powders were  leached i n  dilute hydrochlor ic  acid,  washed, 
and dr ied .  The powders  were  then p res sed  in a s tee l  die  a t  20 ,  000 ps i  
to  0 .  5 in .  d iameter  d i sc s ,  and these  samples  w e r e  s in te red  under  var ious 
conditions as shown in  Table 9.  Following s inter ing,  the apparent  density 
was  determined by weighing in  a i r  and water ,  and the samples  w e r e  
sectioned, mounted, polished, and photographed. Photomicrographs of 
representa t ive  s intered intermetal l ic  and oxide specimens a r e  shown in 
FigureslO, 1 1 ,  and 12 .  
Following the work on the individual compounds, the s tabi l i t ies  of mix-  
t u r e s  of 5070 oxide-50Yo intermetal l ic  w e r e  determined by p res s ing  powder 
blends and s inter ing the composite d i scs  for  var ious in te rva ls  of t ime at 
t e m p e r a t u r e s  to 17OO0C. The resu l t s  a r e  shown i n  Table 10, and photo- 
mic rographs  of typical s intered composites a r e  shown in  F i g u r e s  13 and 
1 4 .  
Based upon these  s tudies ,  Y203-stabil ized Z r 0 2 ,  C a Z r 0 3  o r  S r Z r 0 3  in  
combination with any of the intermetal l ic  compounds looked promis ing  
fo r  fu ture  study a s  gradated coatings. 
composi tes  w a s  made  by checking their  oxidation rcSlstaiiCe in tsrc'. 
t e s t s  at t e m p e r a t u r e s  between 3100' and 4500OF. 
Additional screening of these 
3.  2 Coating and Bonding of Intermetal l ic  Compounds 
3 .2 .  1 Adherence and Eutect ic  Problem 
P r e l i m i n a r y  s tudies  to  de te rmine  optimum sinter ing conditions for  the 
in te rmeta l l ic  coatings indicated that the adherence of these  m a t e r i a l s  to 
the Ta-1OW subs t r a t e  was  a m a j o r  problem. A s e r i e s  of coating 
m a t e r i a l s  w e r e  deposited on Ta-1OW panels ,  and these samples  were  
heated to  1750-18OO0C i n  a rgon  fo r  one hour .  The r e su l t s  of this  tes t  
25 
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FIGURE 10 
PHOTOMICROGRAPHS O F  SINTERED 
INTERMETALLIC COMPOUNDS 
(400 X Magnification. Unetched) 
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TABLE 9 
SINTERING TRIALS O F  OXIDES AND INTERMETALLIC COMPOUNDS 
Apparent Density 
90ZrB2- 10MoSi2 
TaSi2 
Ta2Be17 
TaAl3 
A1203 
S r Z r O j  
C a Z r O j  
,* 
Conditions 
Sintering Conditions'* 
a 
a 
a 
e 
a 
a 
b 
a 
b 
a 
b 
d 
f 
g 
b 
f 
g 
C 
C 
C 
C 
e/cc % Theoret ical  
5. 82 95 
8. 30 91 
(Powdery,  did not s in t e r )  
4 . 7  93 
6. 18 89 
3. 50 88 
4 . 4 4  81 
4 .45  81 
4. 90 89 
3 . 4 8  73 
3. 89 8 1  
4. 12 86 
4. 29 76 
4 . 4 4  78 
5.05 89 
4. 80 85 
4 .93  87 
3 .99  71 
4. 18 74 
4. 66 83. 5 
5. 05 89 
a )  60 rnin. ,  i402OC: in P-rg~rz 
b) Same a s  ( a ) ,  then 15 m i n . ,  17OO0C in Argon 
c )  45 min.  17OO0C in Argon 
d )  45 rnin. ,  19OO0C, 10-6 T o r r  
e )  150 min.  1400OC in Argon 
f )  5 h r s .  1725OC in Argon 
g) 10 h r s .  1725OC in Argon 
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a r e  shown in F igure  15. Tantalum sil icide and tungsten sil icide plus 
10~oZrB2-  lOMoSi2 reacted with the substrate  to  f o r m  a molten phase.  
remaining ma te r i a l s ;  pure  ZrB2-  10MoSi2 plus 10% MoSi2 o r  tantalum, 
MoSi2, and -10 mic ron  tantalum each s intered,  but none adhered to the 
subs t ra te .  
The 
In many c a s e s  the Ta-  1OW subs t ra te  became embrit t led during s inter ing.  
Two possible sou rces  of embri t t lement  which were  considered w e r e  
diffusion of one o r  m o r e  of the components of the intermetal l ic  coating 
into the subs t ra te  and contamination of the subs t ra te  by react ion with im- 
pur i t ies  in  the furnace atmosphere.  
In an effort  t o  improve the sinterabil i ty and adherence of the intermetal l ic  
compounds, the ZrB2-  10MoSi2, WSi2, TaSi2, and MoSi2 w e r e  screened  
through -325 mesh ,  and the fines used f o r  coating a se t  of Ta-1OW panels.  
The panels  were  then isostatically p re s sed  at 2 5  t s i  and s in te red  in  argon 
f o r  one to  two hours  a t  1700°-1800OC. The resu l t s  a r e  summar ized  in 
Table 11. To check the effects of heat t rea tment  on the ductility of the 
subs t ra te ,  an uncoated panel was  heated at 170O0-175OOC in a rgon  for one 
hour  and ha rdness  measu remen t s  were  m a d e  of this  specimen and of a n  
uncoated, unheated panel. After heat- t reatment ,  the subs t r a t e  m i c r o -  
h a r d n e s s  increased  f r o m  340 kg/rnm2 t o  470 kg /mm2,  however,  the 
sample  retained i t s  bright appearance and remained ductile. 
h a r d n e s s  measu remen t s  of the coated samples  a r e  l isted in  Table 12. 
Subs t r a t e s  coated with ZrB2 - 10MoSi2 w e r e  invariably embri t t led a f te r  
hea t - t rea tment  and diffusion of some component of the coating into the 
subs t r a t e  took place.  The sil icide coatings, in  general ,  had l i t t le  effect  
upon the subs t r a t e  ductility a s  evidenced by the mic roha rdness  m e a s u r e -  
menis wl Tab!e !?. 
Other  
3.  2. 2 Study of Metall ic Binders  fo r  ZrBZ and MoSiZ Coatings 
In ini t ia l  exper iments  on the effect  of meta l l ic  binders ,  ten weight percent  
of -325 m e s h  chromium, nickel, and tantalum powders were  added to 
d i spe r s ions  of 90ZrB2- 10MoSi2 and MoSi2, coatings were  deposited on 
Ta-1OW panels,  and the coatings were  p re s sed  a t  20 t s i  and s in te red  for  
one hour  in a rgon  at 1700°-1750OC. 
13, indicate that both chromium and nickel binders caused s e v e r e  
embr i t t l ement  of the subs t ra te  and that nickel was ineffective in  improving 
adherence  of the coatings to the substrate .  
effect  upon ei ther  the ductility of the subs t ra te  o r  the adherence of the 
coating. 
The resu l t s ,  summar ized  i n  Table 
The tantalum binder had no 
3 3  
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TABLE 11 
SINTERING EXPERIMENTS-INTERMETALLIC COMPOUNDS ON Ta-1OW 
Sintering T ime  
Intermetal l ic  Coating and Temp. (OC) Resul ts  
ZrB2-1OMoSi2 1700-1750, 2 h r s  Coating p r e s s e d  25 tsi, good 
s inte  ring cha rac t e r i s t i c  s 
deep diffusion into subs t r a t e ,  
good adherence.  
ZrB2-10 MoSi2 
Z rB2 - 1 OMoSiZ 
WSiz 
WSi2 
TaSiZ 
MoSiZ 
1700-1750, 1 hr  Coating not p r e s s e d ,  s in te red  
well ,  poor bonding to sub- 
s t r a t e ,  na r row diffusion zone. 
temp h e l d  steady Coating p r e s s e d  25 t s i ,  good,  
@ 180OoC - 1 h r  s in te red  coating, good ad-  
he rence ,  deep diffusion. 
1750-1775 - l h r  Coating unpressed ,  coating 
m a t e r i a l  reacted with sub- 
s t r a t e .  
1700-1750 - 1 h r  Coating p res sed  25 t s i ,  coat-  
ing s intered,  slight oxidation, 
good adherence  to subs t ra te .  
Coating p r e s s e d  25  t s i ,  
s in te red  well ,  sl ight diffusion, 
1700-1750 - 2  h r s  
jgG& 2dherenca.  
1650-1700, 1 h r  Coating ma te r i a l  mel ted ,  
ve ry  slight react ion and 
bonding to subs t ra te .  
Z rB~- lOMoSi~+lO’%Cr  1700- 175OoC, P r e s s e d  coating 25 t s i ,  
1 h r  reacted with subs t r a t e ,  sub- 
s t r a t e  very  br i t t l e ,  coating 
spalled on cooling. 
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TAELE 1 2  
KNOOP HARDNESS MEASUREMENTS FOR 
INTERMETALLIC COATINGS O N  T a - 1 O W  SUBSTRATE 
Coating Composi t ion  
ZrB2-  10 MoSi2 
TaSi2 
Ta-1OW 
Ta-1OW 
WSi2 
MoSi2 
Z rB2  - 1 OMoSi2 t 1 OO/oCr 
S in te r ing  
Condit ions 
1700°-1750°C, 2 h r s  
1700'- 175OoC, 2 h r s  
a s  r ece ived  
1 700°- 175OoC, 1 h r  
170Oo-175O0C. 1 h r  
1650°-1700°C, 1 h r  
1700°-1750°C, 1 h r  
Knoop H a r d n e s s  N u m b e r s  
Using a 50 G r a m  Load 
Coat ing I n t e r f a c e  S u b s t r a t e  
3630 
549 
- 
- 
1971 
- 
- 
791-695 468-445 
4941-1235 385-367 
- 361 -322 
- 473-468 
581 361-322 
- 445 
- 520-473 
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3. 2 .  3 Study of Diffusion B a r r i e r s  f o r  the ZrB2-1OMoSi2 Coating 
System 
In an effort to  overcome the embrit t lement of the Ta-1OW subs t ra te  caused 
by interaction with the ZrB2-lOMoSi2 coating sys tem,  a study was made  of 
the effect of interposing molybdenum and tungsten diffusion b a r r i e r s  
between the coating and the subs t ra te .  
To apply the molybdenum b a r r i e r ,  the subs t r a t e  was  gr i t -blasted,  chem-  
ically cleaned in an etchant containing 1HF:1HN03:3 lact ic  acid by volume, 
and washed in disti l led wa te r .  
phoretically deposited and the coating was  isostat ical ly  pressed  a t  20 tsi 
and heat t rea ted  a t  140OoC f o r  2 hours  in  a rgon .  The resul tant  coating, as 
shown i n  F igure  16 was  dense and well-bonded to the subs t ra te ,  and no 
evidence was observed of contamination at the coating- subs t ra te  boundary. 
Molybdenum metal was then e lec t ro-  
The ha rdness  of the subs t ra te  a f te r  Mo coating w a s  found to be 322 Knoop 
(50  gm load) as  compared to KHN 235 (50 g m  load) fo r  an  untreated Ta-1OW 
alloy. 
exhibited good ductility. 
produced W coatings on sandblasted and chemically cleaned Ta-  1OW sub- 
s t r a t e ~ ( ~ ) *  These coatings were  adherent?  the coating-substrate interface 
w a s  clean and only slight embrit t lement of subs t ra te  occurred  during 
process ing .  
p r o g r a m  with molybdenum on sandblasted and chemically cleaned Ta-  low, 
tungsten,  as  wel l  as molybdenum, was considered for  use  a s  a diffusion 
b a r r i e r .  A recent  paper  on this  subject(4) indicated that tungsten and 
rhenium a r e  the bes t  of the available r e f r ac to ry  me ta l s  ( m . p .  above 170OOC) 
f o r  minimizing diffusion of tantalum. 
th i s  study i s  shown in i a b i e  i 4 -  
Although the coated Ta-1OW alloy was  somewhat h a r d e r ,  it s t i l l  
Simultaneous effor ts  in another p r o g r a m  a t  Vitro 
Since these  r e su l t s  were  similar to those obtained i n  this  
A summary  of the data obtained i n  
Coatings of ZrB2-1OMoSi2 w e r e  then deposited over  the molybdenum and 
tungsten b a r r i e r s  on Ta-  1OW and the intermetal l ic  coating was  s in te red  
a t  165OoC for  2 hour s  i n  argon. The adherence  of the coating to the 
tungsten b a r r i e r  w a s  poor ,  and the coating spli t  and peeled f r o m  the 
subs t r a t e  upon cooling f r o m  the sintering t empera tu re .  Microhardness  
m e a s u r e m e n t s  of the ZrB2- lOMoSi2 coating on the molybdenum b a r r i e r  
indicated some reduction in  hardening of the subs t ra te ,  however,  
embr i t t l ement  still occur red  af ter  sintering. These coating sys t ems  were  
t h e r e f o r e  abandoned in  favor of WSi2-base coating sys t ems  which did not 
deg rade  the mechanical  proper t ies  of the subs t ra te?  and which evidenced 
good adherence .  
38 
P 
Ij" 
.. - 
t 
Ta-IOW 
KHN 322 
'\ 
250 x 
39 
h 
PI I 
u 
0 g $1 
.rl rn 
0 
0 
rc 
0 
0 
4 
I 
0 * 
0 
N 
0 
ln 
V 
ln 
A 
0 
cc) 
ln * 0 * 0 * 0 m 
9 
u-I 
N 
d 
G 
9 
cr) 
.. 
5 :  
c z l w  
w 
k 
3 - 
0 
0 
0 
a 
A 
Y 
h 
0 
n 
0 
0 
0 
a 
d 
W 
0 
0 
m 
* 
k u 
E 
(b 
* 
E 
(b 
E 
5 
d 
E 
(b 
* > 
E 
(b 
w 
E 
E 
(b 
B 
(b 
E 
k 
H 
(b 
b 
k 
H 
(b 
E 
40 
3. 3 Tungsten Disilicide a s  a Base  Coating Mater ia l  
Tungsten disil icide was  investigated a s  a base  coating on Ta-1OW f o r  
possible  u s e  in bonding to a gradated WSi2-refractory oxide coating. 
The importance of maintaining high purity in  the intermetal l ic  compounds 
used fo r  coatings was  demonstrated when WSi2 powders f r o m  two diff- 
e r en t  commerc ia l  sou rces  w e r e  compared in sintering and oxidation 
t e s t s .  
s in te red  in  argon at 140OoC f o r  1 hour. 
then exposed side-by-side in  an oxidation tes t .  
in  F igu re  17. 
oxidized rapidly a t  1 100°F, apparently because of the f r e e  me ta l  p resent .  
The Source I1B1I WSi2 ma te r i a l ,  however, was quite stable,  as shown in  
Specimen No.  7-2 in the photograph. Source l1Bl1 pel le ts  w e r e  heated to 
3902OF without signs of deter iorat ion.  These pel le ts  a r e  shown on the 
bottom half of F igure  17. 
Pe l l e t s  of the two ma te r i a l s  were  p r e s s e d  at 1000 ps i  and 
The two types of m a t e r i a l  were  
Specimen No. 7-1 shows m a t e r i a l  f rom Source "A" which 
The resu l t s  a r e  shown 
In the pre l iminary  coating work ,  WSi2 f r o m  Source "A" was  used exclus- 
ively as the Source l1Blr m a t e r i a l  was  not obtained until l a t e r  in the 
p r o g r a m .  
sandblasted and chemically cleaned Ta-  1OW subs t ra tes .  
w e r e  densified a t  30 tsi, and heat t reated i n  a rgon  a t  140OoC fo r  one 
hour .  
subs t r a t e s .  
Coatings of this  m a t e r i a l  were  applied electrophoret ical ly  to 
The coatings 
The resul tant  coatings appeared quite dense and adherent  to the 
An a l t e rna te  heat- t reat ing procedure,  designed to e l iminate  any f r e e  
tungsten in  the tungsten sil icide powder, and to  improve the density of 
the coating consisted of embedding the coated specimen in si l icon me ta l  
powder and heating at 135OoC for  a minimum of two hours  in an  argon 
a tmosphe re .  
t r ea tmen t  did not 'appreciably a f fec t  the ductility of the subs t ra te .  
Good bonding to the substrate  was avidei i t  an=! the kez f  
In a s ta t ic  oxidation t e s t  at 3000°F, the coating r e s i s t ed  penetrat ion by 
oxygen for  30 minutes  even though it was  only one mil thick. 
In s e p a r a t e  s tudies  it was  found that  an  optimum coating is produced by 
s in te r ing  the WSi2 for  2 hours  a t  160OoC in argon,  followed by 16 hour s  
si l iconization a t  135OOC and a p r e s s u r e  l e s s  than 0.  1 t o r r .  
of a 1-hour and 16-hour-siliconized WSi2 coating is  shown in  F igu re  18. 
A comparison 
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NO. 7-2 NO. 7-1 
IIOO" F(Approx.1- Short Time 
NO. 7 -  3 
3092OF - 1112 Hours 
FIGURE 17  
WSi, P E L L E T S  AFTER STATIC OXIDATION TESTS 
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. 
W Si2 
Diffusion Zone 1140 kg/mm 2 
Ta -I OW 245 k g/m m 
Siliconized I hr 
1350OC in Argo3 
2 50x, U netc hed 
W S i 2  
Diffusion Zone 1470 kg/mm2 
J" 
Ta- IOW, 320 kg/mm2 
16hr Siliconiration 250x,  Unetched 
13OO0C, < 0.1 Torr 
FIGURE 18 
E F F E C T  OF SILICONIZATION PROCEDURE ON 
WSi, COATING ON Ta-lOW, SINTERED AT 1600°C 
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The pre l iminary  t e s t  r e su l t s  with this ma te r i a l  w e r e  very  promising and 
would s e r v e  as an  excellent base for  WSi2-oxide graded coatings on Ta-1OW 
l i t  was anticipated that a WSi2 coating, prepared  in  the manner  descr ibed,  
~ 
I alloy subs t ra tes .  
The higher purity WSi2 obtained f r o m  Source llBl' was  tes ted separately,  
coating on Ta-1OW at t empera tu res  of 3000°F and 3200°F in  s ta t ic  air. 
Individual specimens developed a smooth, self -healing, viscous S i02  g lass  
sur face  during the t e s t s .  
3200°F var ied f r o m  3 to  5-1 /2  hours .  The specimens w e r e  removed f r o m  
the furnace when evidence of edge o r  corner  fa i lure  appeared.  Because of 
t hese  promis ing  r e su l t s  the Source lrBlt WSi2 was  used in  the subsequent 
prepara t ion  of gradated coatings with this intermetal l ic  compound. 
I a f t e r  coating, s inter ing and vacuum siliconizing, as an  oxidation res i s tan t  
1 
Protec t ive  life fo r  five different specimens a t  
3. 4 Sintering Studies of Oxides 
Studies w e r e  undertaken to  inc rease  the density a n d / o r  imperviousness  of 
the re f rac tory  oxide component of the gradated coating sys tem by the 
addition of a second phase (fluxing component). 
m a t e r i a l  was to  provide a liquid phase at t empera tu res  lower than the 
melt ing t empera tu re  of the p r i m a r y  re f rac tory  oxide. 
a c t s  as a s inter ing aid by promoting ma te r i a l  t r anspor t ,  leading to 
inc reased  densification r a t e s  and higher ult imate densi t ies .  
The purpose of this 
This  liquid phase 
Various invest igators  have studied the effect of m e t a l  and oxide additions 
to  z i rconia .  Ruh, e t  al(5) note the effect of liquid phase t i tanium in  pro-  
moting the s inter ing of z i rconia .  
demonst ra ted  the inc reased  sintering r a t e  of z i rconia  by additions of 
ch romium i n  quantit ies above the soiuL:it-j- XrLit., i. e .  I Over 1%. 
is  another  example of the beneficial effect of liquid phase formation 
during sintering. 
In other work, Ruh and Gar re t t (6 )  
This 
Additions o ther  than m e t a l s  were  thought to prove m o r e  useful fo r  p re sen t  
pu rposes ;  for example any one of a number of oxides which combine with 
z i rconia  to f o r m  eutect ics  which melt  at t empera tu res  below the melting 
point of z i rconia  i t se l f .  
c u r v e s ( 7 )  for zirconia and o ther  oxides a r e  shown in  F igu res  19 and 20. 
A number of potentially applicable liquidus 
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I I I I I I I I I 
2600 - 
0 
Z r  02 S A - 1  01 Coo, N i 0 , o r Z n O  IVIWI .  I O  
F I G U R E  19  
LIQUIDUS C U R V E S  OF SYSTEMS 
CoO-Zr02,  N iO-Zr02 ,  AND ZnO-ZrOz 
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260C 
2400 
2200 
2000 
1800 
1600 
1400 1 I I 1 I I I 1 I 
R I P  y Mol. O/o Zr 02 
FIGURE 20 
LIQUIDUS CURVES OF SYSTEMS Al2O3-ZrOZ, Cr2O3-ZrOz 
FeZO3 -Z r  02, La203 -Z r 02, Mn304 - Z r 02, AND T io2 -Z r  O2 
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One experiment was  performed in which a pellet  composed of 
90 w / o  (3. 5'%oCaO-Zr02)and 10 w / o  Ti02 was t rea ted  a t  170OoC for  two 
hours  in a n  argon atmosphere.  This pellet was  fused and hard and an 
extensive,  even excessive,  amount of liquid phase was  present  during 
s inter ing to aid the densification. 
prepara t ion?  sintering, and study of 3 .  5'%0 CaO-stabil ized ZrO2 samples  
to which various potential fluxing mater ia l s  w e r e  added. 
Considerable effort  was  devoted to the 
Ten g r a m  batches of each  composition w e r e  weighed, isopropyl alcohol 
was  added, and the sample  was mixed thoroughly in a m o r t a r  while the 
alcohol evaporated,  
d i ame te r  x l/Sll thick pel le ts .  
a rgon  at 170OoC for  two hours .  
The mixed ma te r i a l  was  then d ry -p res sed  into 1 /2!' 
These pellet  specimens were  sintered in  
The r e su l t s  of these experiments  a r e  l isted in Table 15. The m a t e r i a l s  
which appeared to have the grea tes t  effect i n  promoting the densification 
of CaO-stabil ized Z r 0 2  a t  170OoC were  T i02  and Al2O3. Two zirconia  
compositions;  one containing 2 W/o Ti02 and another containing 5 w / o  
AlzO3? were  therefore  investigated f o r  use  a s  the oxide component in  
gradated coatings applied by electrophoretic deposition. 
4. GRADATED COATINGS - PREPARATION AND TESTING 
4. 1 MoSi7.-Refractorv Oxide Svstems 
P r e l i m i n a r y  experiments  were  conducted with the MoSi2 sys tem in o r d e r  
to  es tabl ish optimum conditions for  obtaining good adherence to the Ta-1OW 
subs t ra te .  Table 16 summar izes  the significant experiments  which w e r e  
per formed.  In all c a s e s  tne Ta-iO':v' s - ~ b s t r a t e c   ere prepared  by sand- 
blasting and etching for  5 minutes i n  a Lact ic  Acid-HN03-HF mixture .  The 
following var iables  w e r e  investigated: 
1. Pa r t i c l e  s i ze  of the solids in dispers ion:  
A comparison was  made between c o a r s e  MoSi2 par t ic les  
( l e s s  than 15 mic rons  obtained by sett l ing),  and fine MoSiZ 
par t ic les  ( l e s s  than 5 microns)  obtained by ball-milling for  
40 hours .  
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TABLE 15 
RESULTS O F  SINTERING FLUXED Z r 0 2  
AT 1700 O C FOR 2 HOURS IN ARGON 
Compos it ion 
Z r 0 2  99% - Ti02 1% 
9 8% 2% 
90% 10% 
9 570 5 70 
ZrOz 99% - C r  1 % 
98% 2 7 0  
90% 10% 
9 570 5 % 
Z r 0 2  100% 
App e ar anc e 
White, porous  
Light brown, su r face  imperv ious ,  g lassy  
Dark  brown, imperv ious ,  g lassy  
Dark brown, impervious,  g l a s sy  
Pale green ,  porous 
Pale green ,  porous 
Dark g ray ,  impervious 
Dark g ray ,  impervious 
Gray, porous  
Gray, porous 
Gray, porous  
Gray, porous  
White, porous  
?%iter porous 
White, impervious 
White, impervious 
White, impervious 
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TABLE 16 
SINTERING TRIALS O F  MoSi2-OXIDE COATINGS ON Ta-1OW 
In te rme ta l l i c  
Coat ing 
P r e s s i n g  
P r e s s u r e  
20 tsi 
20 tsi 
30 tsi 
30 tsi 
30  tsi 
30 tsi 
S in t e r ing  
Conditions 
140OOC 1 h r .  
1400°C 1 h r .  
1500°C 2 h r s .  
1500°C 2 h r s .  
1500°C 2 h r s .  
1500°C 2 h r s .  
Oxide Coating 
- 
- 
S r Z r O ,  < 15 m i c r o n s  
S r Z r O ,  < 15 m i c r o n s  
R e s u l t s  
1 
2 
3 
4 
5 
6 
7 
a 
9 
10 
11 
MoSi, < 15 m i c r o n s  Non-adherent  
sof t  coa t ing  
MoSi,< 5 m i c r o n s  Adherent  sof t  
coa t ing  
Non-adherent  
so f t  coa t ing  
MoSi, < 15 m i c r o n s  
MoSi,< 5 m i c r o n s  Adherent  h a r d  
coa t ing  
MoSi, < 15 m i c r o n s  Non - adhe  r ent  
sof t  coa t ing  
MoSi, < 15 m i c r o n s  
on s i n t e r e d  Mo 
b a r r i e r  coa t ing  
Non-adhe r ent  
sof t  coating 
30 tsi 1400°C 1 h r .  Adherent  with 
fair dens i ty  
MoSi, < 15 m i c r o n s ,  
5% so l ids  i n  
d i s p e r s i o n  
MoSi, < 15 m i c r o n s ,  
1% s o l i d s  i n  
d i s p e r s i o n  
30 tsi 1400°C 1 h r .  Non-adherent  with 
high dens i ty  
MoSi, < 5 m i c r o n s ,  
1 %  so l ids  i n  d i s p e r -  
s ion ,  on s i n t e r e d  
MoSi, bond l a y e r  
30 tsi 1400°C 1 h r .  Adherent  with fair 
dens i ty  and  h a r d n e s s  
ZrO, (CaO s t ab i l i zed )  
mi l l ed  6 h o u r s  
MoSi, < 5 m i c r o n s ,  
1% so l ids  i n  d i s p e r -  
s i o n ,  no  MoSi, bond 
l a y e r .  
14nnoc. 1 h r .  No-adherent  
NO. 9 r e f i r e d  30 tsi 1700°C 1 h r .  Adherent  with good 
dens i ty  and  high 
h a r d n e s s  
2 .  Solids concentration: 
1% v s  570 solids concentration of MoSi2 in the init ial  i n t e r -  
meta l l ic  dispers ion.  
3 .  B a r r i e r  o r  undercoat l a y e r s :  
The effect of a s intered Mo o r  MoSi2 layer  under the 
gradated coatings.  
The data  shown in  Table 16 indicate that adherent  coatings on Ta-1OW 
can  be produced f r o m  MoSi2 which has a par t ic le  s ize  of 5 mic rons  o r  
l e s s ,  and that a thin l aye r  of MoSi2 which is  s intered on the Ta-1OW 
subs t r a t e  will  bond to the subsequent gradated coating. 
found advisable to  deposit  f r o m  570 ra ther  than 1% MoSiZ d ispers ions  
s ince  improved adherence was  obtained. 
Secondly, i t  was  
It  was  found that an  acceptable procedure fo r  obtaining adherent  MoSi2- 
ZrOZ gradated coatings was  to electrophoretically deposit  and s in t e r  
a base  coat  of MoSi2 p r i o r  to  the deposition of the MoSi2-Zr02 gradated 
sys t em.  
a f t e r  which i t  was  isostat ical ly  pressed  at 30 t s i  and s in te red  in a rgon  
at 140OoC fo r  one hour .  
applied to  the MoSi2-coated Ta-  1OW subs t ra te .  
The base  coat was  deposited at 100 volts fo r  1-1 /2  minutes ,  
A gradated coating of MoSiZ-ZrOZ was  then 
The gradated coatings w e r e  isostatically densified at 30 t s i  and s in te red  
a t  1400O to 170OoC for  two hour s  i n  an a rgon  a tmosphere .  The coatings 
hea ted ,  Those s in te red  a t  1600O and 
1700 C w e r e  improved in density and adherence,  and had a ha rd  g lass -  
like s l ~ r f 3 c e .  Snm-e pnrnsitjr, hnwcvcr ,  was st i l l  evident in  the gradated 
l a y e r  . 
a t  140OoC w e r e  only pres in te red .  
0 
Oxidation t e s t s  a t  3000°F were  conducted on the MoSi2-Zr02 spec imens .  
F a i l u r e  occur red  a lmos t  immediately on specimens which were  prepared  
by s in te r ing  a t  140OOC. The specimens prepared  by s inter ing at 160OoC 
survived 15 - 20 minutes  before  oxidation effects could be noticed. A 
photograph  of an  oxidized specimen i s  shown i n  F igure  21. 
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9% 
Substrate 
I 
400x 
FIGURE 21 
MoSi2-ZrOz GRADATED COATING ON Ta-1OW SPECIMEN 
AFTER OXIDATION AT 1600" - 1650°C FOR 20 MINUTES 
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4. 2 WSi2-Refractory Oxide Systems 
P re l imina ry  studies w e r e  made with severa l  gradated coating sys t ems  
containing WSiz deposited on Ta-  1OW substrates .  
of this work  was  to de te rmine  the effect of s inter ing t empera tu re  on the 
s t ruc tu re  of the coating,and to promote the development of non-porous 
sur faces  fo r  improved oxidation resis tance.  
studied and the r e su l t s  of sintering experiments  a r e  shown in Table 17. 
The p r imary  objective 
The gradated coating sys t ems  
These  experiments  indicated that an  increase  in s inter ing tempera ture  to  
1 7OO0C was  beneficial in  increasing the densi t ies  of the WSiz-CaZr03 
and WSi2-Al203 (MgO) gradated coatings. However, the density of the 
WSi2-ZrO2 (CaO) gradated coating was still below 90% of theoretical ,  and 
the 170OOC tempera tu re  used was apparently s t i l l  too low by seve ra l  
hundred degrees  for  complete  sintering of the very  re f rac tory  ZrOZ 
component. 
Specimens with and without a pres in te red  base  coat of WSi2 w e r e  included 
i n  s ta t ic  oxidation t e s t s  at 165OOC. 
any degree  of oxidation res i s tance  was one which had a pres in te red  base  
coat  of WSi2-CaZr03. 
minutes  exposure to s ta t ic  air at 1650OC. 
a c r o s s  section of this  specimen a r e  shown in F igu re  22, 
C a Z r 0 3  surface m a t e r i a l  fused with the WSiz during the oxidation tes t ,  
produced a tight sur face  and thus afforded some protection. 
ance  of the sur face ,  however,  indicates that  f r e e  tungsten was  available 
i n  the coating. The oxidation of th i s  f r e e  m e t a l  apparently hastened the 
breakdown of the protect ive coating. 
si l iconized to remove f r e e  tungsten as descr ibed  in Section 3. 3. 
The only specimen which exhibited 
It was removed f r o m  the furnace a f te r  eight 
Photographs of the su r face  and 
Evidently the 
The appear -  
Subsequent coatings w e r e  therefore  
Specimens of four different gradated coating sys t ems ,  i. e.  
1. CaZr03-WSi2 
2 .  A1203 (4 MgO) - WSi2 
3. (Zr02-20/o Ti02)-WSi2 
w e r e  coated, s intered and oxidation tes ted.  All specimens w e r e  p repa red  
52 
Over All View Raised Lump of Fused 
Ca Zr 03 
Fused Ca Zr 03- 
W Si2Mixt u r e  
Cross Section 
.4-- Substrate 
200 x 
FIGURE 22 
OVER-ALL VIEW AND CROSS SECTION OF A WSi2 - CaZrO, 
GRADATED COATING ON Ta-1OW AFTER EXPOSURE 
T O  STATIC AIR AT 1650°C FOR 8 MINUTES 
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by depositing WSi2 onto a sandblasted and etched Ta-1OW panel,  densifying, 
s inter ing in  argon a t  14OO0C, and siliconizing a t  1350°-13750C to yield a 
1. 5 - 2 . 0  mil- thick WSi2 layer .  Next, the des i red  gradated coatings w e r e  
deposited onto the WSiz, densified, sintered at 16OO0C, and siliconized at 
1375OC. 
siliconizing the gradated portion of the coating. 
F o r  comparison purposes ,  a few specimens w e r e  p repa red  without 
The specimens w e r e  oxidation tes ted i n  s ta t ic  air a s  shown in  Table 18 
which summar izes  t e s t  conditions and resu l t s .  A study of the resu l t s  of 
these  oxidation t e s t s  indicated that the bes t  protection was obtained with 
the A1203(MgO)-WSiz and (ZrO2-2% Ti02)-WSi2 coatings. Judging f r o m  
pos t - tes t  appearance,  both types were  e i ther  solid o r  very  viscous liquids 
a t  the t e s t  t empera ture .  
the sur face .  The cause  of these bubbles was not determined.  
In both coatings, gas  bubbles w e r e  apparent  under 
The spec imens  used fo r  oxidation t e s t s  at 3200°-35000F w e r e  p repa red  the 
s a m e  as  the samples  used in  the 2900°-30000F t e s t s ,  with the exception 
that the siliconization procedure  was  improved by heat- t reat ing the si l icon- 
coated specimen for  16 hours  at 13OO0C i n  vacuum ra the r  than in  argon. 
The vacuum siliconization was  performed af ter  the gradated coating was  
s in te red  on to  the spec imens .  
In the f i r s t  s e r i e s  of high tempera ture  oxidation t e s t s ,  four types of coated 
Ta -  1OW specimens w e r e  prepared  a s  follows: 
1. ( Z r 0 2 .  270 Ti02)-WSi2 gradated coating 
2 .  (Zr02 .270  TiOz)-WSiZ gradated coating with a pres in te red  
WSi;! 
3. A1203(MgO)-WSiz gradated coating 
4.  A1203(MgO)-WSiz gradated coating with a pres in te red  WSi2 
subcoat.  
T a -  1OW panels with (ZrOZ:Z%Ti02)-WSiL gradated coatings w e r e  exposed 
to  s t a t i c  air  a t  3200OF. The resu l t s  for  these specimens (No's .  1 through 
10)  a r e  shown in Table 19. 
with a siliconizing t r ea tmen t  of the WSi2-Zr02/TiOZ composite i s  a 
promis ing  sys t em f o r  u se  a t  this  tes t  temperatureland that the life of this  
They indicate that a WSi2 base  coat  coupled 
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TABLE 19 
RESULTS O F  STATIC AIR OXIDATION TESTS 
ON COATED Ta-1OW TEST SPECIMENS 
Speci -  Type of T e s t  T i m e  of 
m e n  Grada ted  Temp.  Exposure  
No. Coat ing  ( O F )  ( m i 4  C o m m e n t s  
1 - 1  
1-2 
1 -3  
1-4  
1 -5  
1 -6  
1 -5  
1-6  
( Z r 0 2 .  270Ti02)-WSi2, 
WSi2 subcoa t ,  s i l i -  
c oniz ed 
( Z r 0 2 .  20/oTi02) - WSi2, 
WSi subcoa t ,  s i l i -  2 
conized  
( Z r 0 2 .  270Ti02)- WSi2, 
WSi2 subcoat ,  s i l i -  
conized  
( Z r 0 2 .  27oTi02)-WSi2, 
WSi2 subcoa t ,  s i l i -  
c oniz ed 
( Z 1 0 2 .  2 70Ti02) - WSiz, 
( Z  r 0 2 . 2 7 0 T i 0 2 )  -WSiz,  
( Z r O 2 .  2O/TiO2)-WSi2, 
WSi2 subcoa t ,  s i l i -  
conized  
( Z  rO2. 270Ti02)  -WSiz, 
WSi2 subcoat ,  s i l i -  
3200 
3200 
3200 
3200 
3200 
3200 
3200 
3200 
75  
120 
50 
155 
120 
105 
120 
105 
Coat ing  s t i l l  p ro t ec t ive .  O u t e r  Z r 0 2  
l a y e r  spa l l ed .  See  F i g u r e  21. 
Coat ing  s t i l l  p ro t ec t ive .  O u t e r  Z r 0 2  
l a y  e r s p a  lle d . 
Coat ing  f a i l ed  b e t w e e n  30 and  50 
m i n u t e s  
Ini t ia l  f a i l u r e  a t  pa tch  spo t .  
p ro t ec t ive  u p  to  145 m i n u t e s  expos-  
u r e  
Coat ing  s t i l l  p ro t ec t ive .  S a m e  as 
Spec imen  No .  1 - 1 
Coat ing  s t i l l  p ro t ec t ive .  S a m e  as 
Spec imen  No.  1-1 
Coat ing  s t i l l  p ro t ec t ive .  S a m e  as 
Spec imen  No.  1-1  
Coat ing  s t i l l  p ro t ec t ive .  S a m e  as  
Spec imen  No.  1 - 1 
Coat ing  
c oniz ed 
2 -7  ( Z r 0 2 .  270Ti02)-WSi2, 3200 25  Spec imen  comple t e ly  m e l t e d  and 
N o  subcoa t ,  s i l i con -  d i s a p p e a r e d  
i zed  
N o  subcoa t ,  s i l i con-  c luding  pa tch  a r e a .  S e e  F i g u r e  22 
i zed  
N o  subcoa t ,  s i l i con -  
i zed  
N o  subcoa t ,  s i l i con -  
i zed  
2 - 8  ( Z r O 2 .  27oTi02)-WSi2, 3200 9 Coat ing  f a i l ed  in  s e v e r a l  s p o t s ,  in-  
2 -9  ( Z r 0 2 .  27oTiO~)-WSi2 ,  3200 18 Coat ing  f a i l ed  a t  pa tch  a r e a  
3-!c\ (ZrOz.  741,TiOz!-WSiz. 3200 8 Coat ing  f a i l ed  a t  pa tch  a r e a  
3 -11  Th02-WSi2 ,  WSi2 3500 20 ,18 ,13  Coat ing  f a i l ed  a t  one spo t  on  edge 
3-12 ThOz-WSiz,  WSi2 3500 5 One end touched fu rnace  wa l l .  Coa t -  
subcoa t ,  s i l i conized  See F i g u r e  23 
subcoa t ,  s i l i conized  ing fa i led  a t  t h i s  end. Coat ing  a t  o the r  
end s t i l l  a p p e a r s  exce l l en t .  See  F i g .  23 
4 -13  MgO-WSi2, WSi2 3500 15 Coating r e a c t e d  with T h o 2  s e t t e r .  
subcoa t ,  s i l i conized  Spec imen  then  me l t ed  
4 - 1 4  MgO-WSi2, WSi2 3500 5 Coat ing  fa i led  on  edges  of one end and 
subcoa t ,  s i l i conized  one s ide .  See  F i g u r e  24 
4 - 1 5  MgO-WSi2, WSi2 3500 12 Coat ing  fa i led  a t  pa tch  spot .  O t h e r -  
subcoa t ,  s i l i conized  wi se  coa t ing  s t i l l  p ro t ec t ive  
4-16  MgO-WSii ,  WSi2 3500 6 Coating f a i l ed  on  c o r n e r s  and one end 
subc  oat ,  s i l i conized  
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7 
coating sys tem at 3200°F is considerably reduced when the WSi2 subcoat 
is  not included. 
shown in F igures  23 and 24. 
Photographs of the specimens a f te r  t e s t  a t  3200°F a r e  
Static a i r  oxidation t e s t s  at 3500°F were  made on Ta-1OW panel t e s t  
specimens which were  coated with gradated ThOZ-WSiZ and MgO-WSi2 
Pro tec t ive  life fo r  these  coatings on the specimens tes ted was a maximum 
of 20 minutes ,  as indicated in Table 19. 
Photographs of the specimens tes ted at 3500°F a r e  shown in F i g u r e s  2 5  
and 2 6 .  
Although the life in air a t  3500°F was  shor t ,  photographs of the tested 
specimens (F igu res  24 and 25) show that oxidation occurred  a t  single 
defect spots  o r  at an edge, ra ther  than a s  catastrophic  overa l l  f a i lu re .  
The photomicrographs i l lus t ra te  good density,  par t icular ly  in  the 
ThOz-WSiz gradated coating on Ta-1OW. 
A final s e r i e s  of oxidation t e s t s  a t  3500°F was performed on spec imens  
coated with the ZrOz (3  ~ 5Ca0)  - WSi2, Z r 0 2  (2Ti02)  - W Si2 
HfOZ-WSi2, and A1203(4MgO)-WSi2 coating sys tems.  The r e su l t s  a r e  
l is ted i n  Table 20. 
sample  N o ' s .  3-11 and 3-12, Table 19) r ep resen t  the m o s t  promis ing  
coating sys tem.  
es t imated  to  be approximately 15 minutes  at 35000F which cor responds  
to an oxygen penetrat ion ra te  of about 0. 33 mi l /min .  for  the no rma l  
5 mil- thick coating. 
Tho2 - WSi2 
Samples  2 and 3 of this s e r i e s  (corresponding to 
The average  life of this ThOZ-WSiz sys tem was  
A problem common to all coatings tested a t  3500°F i s  interact ion with 
the z i rconia  se t t e r  ma te r i a i .  
silica formeddur ing  oxidation of the specimen and the se t t e r ,  and might  
be alleviated by the use  of other  stable c e r a m i c  s e t t e r s  such as hafnia  
o r  thor ia .  
-. 
I n i s  reaLiioii probably Z P C ~ J . T S  hetween the 
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1-5 
4 x  
Gradated Coating 
W Si2 
Bond Layer 
Substrate 
Cross Section 2 5 0 x  
FIGURE 23 
Ta -1  OW SPECIMENS AFTER STATIC AIR OXIDATION 
TEST AT 3200°F 
Coating: Gradated  ( Z r 0 2 *  2%Ti02)-WSi, 
Subcoat: WSi, 
Sil iconization: 16 Hours ,  13OO"C, Vacuum 
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2-8 
2-9 
4 x  
Gradated Coating 
I I - WSi2Rich Laver 
. t ’  ) ; b c J  
* Bond Layer 
Substrate 
* *  
250x Cross Section 
FIGURE 24 
Ta-1OW SPECIMENS AFTER STATIC AIR OXIDATION 
TEST AT 3200°F 
Coating: Gradated ( Z r 0 , -  2% Ti0,)-WSi, 
Subc oat: None 
Siliconization: 16 Hours ,  1300°C, Vacuum 
61 
4 x  
Gradated Coating 
0 
b 
,. 1 .: t" W Si2 ,' * '. 
\ r' ', &? 
Bond Layer 
1 1  
e 
* . .  
Substrate * 
Cross Section 250x 
FIGURE 25 
Ta-1OW SPECIMENS AFTER STATIC AIR OXIDATION 
TEST AT 3500°F  
Coating: Gradated  Tho,-WSi, 
Subcoat: WSi, 
Siliconization: 16 Hours ,  1300"C,  Vacuum 
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4 x  
. Gradated Coating 
WSi2  
Bond Layer 
SUiJSiKi:C 
Cross Section 250x  
FIGURE 26 
Ta-1OW SPECIMENS AFTER STATIC AIR OXIDATION 
TEST AT 3 5 0 0 ° F  
Coating: Gradated  MgO- WSi, 
Subc oat: WSi, 
Sil iconization: 1 6  H o u r s ,  1300°C,  Vacuum 
63 
TABLE 20 
I 
I 
RESULTS O F  STATIC AIR OXIDATION TESTS AT 3500°F 
ON COATED Ta-1OW TEST SPECIMENS 
Specimen Type of Exposure 
Number Gradated Coating Time (Min.) 
00 Zr02-WSi,, WSi, 14 
subcoat, siliconized 
0 Same as 00 4 
1 (ZrO,’ 2% Ti0,)-WSi,, 10 
WSi, subcoat, siliconized 
2 Same as 1 6 
3 Tho,-WSi,, WSi, subcoat, 13 
siliconized 
4 Same as 3 
5 
6 
7 
8 
9 
10 
11 
12 
13 
Hf02-WSi,, WSi, subcoat, 
siliconized 
Same as 5 
HfO, over ThOz-WSi2, 
WSi, subcoat, siliconized 
HfO, over (ZrO,. 2Ti0,)- 
WSi,. WSi, subcoat, 
siliconized 
A1203 (Mg0)-WSi,, WSi, 
subcoat, siliconized. 
Same as 9 
Same as 9 
Same as 9 
I 
Same as 9 
14 Same as 9 
18 
23 
3 
17 
7 
2 
7 
5 
13 
10 
5 
Comments 
Initial failure a t  one spot on edge. Reaction 
with ZrO,(CaO) setter occurred. 
Coating glassy and rough, and oxide appears 
reduced, Reaction with Zr02(CaO) set ter  
occurred. 
Coating glassy and rough. No specific failure 
although Ta,O, a reas  show on surface. 
action with ZrO, (CaO) setter. 
Initial failure a t  one corner.  Coating reacted 
with ZrO,(CaO) set ter .  
Specimen appears intact. It was removed 
because of discoloration of surface during 
test. Reaction with Zr02(CaO) setter. 
Failure in  spots. This was caused by r e -  
action of coating with ZrOZ(CaO) setter. 
Edges and surfaces not near set ter  a r e  still 
excellent in appearance. 
P r imary  failure: 
Ends and edges still intact and covered with 
refractory HfO, coating. 
Failed at one spot on edge and at patch area.  
Re- 
reaction with Tho, setter. 
Failed at one spot on edge. Coating rough 
and scale-like but still protective. Little o r  
no reaction with Tho, setter. 
Specimen removed because portion of coating 
spalled. No oxidation of substrate however. 
No reaction with HfO, setter. 
Two corners  failed, patch failed.,Coating other- 
wise smooth and glassy. A1,03 grain set ter .  
End failure. A1,0, grain setter. Coating 
smooth and glassy. 
A1203 setter melted and reacted with coating. 
Failure a t  patch only. Coating protective in 
other a reas .  Little o r  no reaction with 
HfO, set ter .  
Failure a t  patch spot only. HfO, setter. 
Similar to 12. 
Similar to 12 and 13. 
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5. SUMMARY AND CONCLUSIONS 
Electrophoret ic  deposition equipment was tes ted successfully for  the 
preparat ion of 2-component, intermetal l ic  compound-refractory oxide 
coatings which w e r e  continuously gradated i n  composition over  a thick- 
n e s s  of 4-8 mils, Although the equipment allowed close control of the 
relat ive volumetric throughput of two dispers ions to a continuous flow 
coating cell ,  some variation in coating r a t e s  was  observed among the 
var ious coating m a t e r i a l s  due to differences in the i r  par t ic le  s i ze  
di  s t r i bu tion. An induction - he a t e d , w ate r - c oo le  d , 1 amp  bla ck - in sula te  d , 
zirconia  tube furnace was  assembled and utilized for oxidation t e s t s  at 
3000°-40000F. 
A var ie ty  of boride,  si l icide,  and aluminide intermetal l ic  compounds 
w e r e  investigated as base  coats to provide adherence of the gradated 
coating sys t ems  to Ta-  1OW alloy. Zirconium boride,  "Boride-Z", and 
tantalum aluminide coatings diffused rapidly into the subs t ra te  when 
s in te red  a t  170OoC and caused embri t t lement  of the alloy. Sat isfactory 
adherence and minimum contamination was obtained with base  coatings 
of TaSi2, WSi2, and MoSiZ, when the average par t ic le  s ize  of t hese  
coatings was  reduced to approximately 10 microns .  
w e r e  then studied fo r  gradated overlay coatings of WSiz /Zr02 ,  MoSiZ/ 
ThOZ, MoSi2/SrZrO3, and analogous systems,on base  coats  of MoSi2 
and WSiz. 
par t ia l ly  s intered at t empera tu res  up to 17OO0C. 
coatings w e r e  obtained, however, by adding a second phase act ivator  to 
the oxide component. 
Zr02(stabilized)-20/oTi02, Th02-SiO2, and A1203-4MgO. 
Sintering conditions 
The oxide phase of these  coating sys t ems  could be only 
Relatively dense  outer  
Typical oxide sys t ems  of this type included 
Typical oxidation l ives  observed f o r  the gradated coatings over  a T S i 2  
subcoat were  : 
WSi2/A1203-4Mg09 W S i Z /  ThOZ, WSiZ/Zr02-ZTiOZ, WSiz/MgO - 15 min .  
@ 3500°F 
WSi2/Zr02-2Ti02  - 120 min.  @ 3200°F 
The average  life of 15 minutes  a t  3500°F which was obtained for  many 
s y s t e m s  cor responds  to an approximate oxygen penetration r a t e  through 
the coating of 0. 33 mi l /min .  Most  of the fa i lures  a f te r  15 minutes  were  
due t o  edge o r  c o r n e r  defects o r  to interact ion with the se t t e r  m a t e r i a l ,  
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l 
I and none of the coatings was observed to fail catastrophically.  
these r e su l t s ,  the gradated oxide-WSi2 coatings a r e  considered very  
promising for  the protection of tantalum alloys f r o m  oxidation of t empera -  
t u r e s  of 3500°F and above. 
Fu r the r  optimization of the density of the oxide gradated coatings is 
required to improve the i r  performance.  
In view of 
I 
i 
1 These  studies should include: 
l 
a) Effect of par t ic le  s ize  distribution, s inter ing t ime,  and 
tempera ture  on density and oxidation res i s tance  of the 
gradated coating. 
b)  Effect of WSi2/oxide rat io  on density and oxidation r a t e .  
c )  Ef fec t  of re la t ive thicknesses  of base  coat,  gradated zone, 
and outer  oxide coating on the protect iveness  of the coating 
sys t ems .  
d )  Identification of stable se t te r  m a t e r i a l s  for  oxidation 
testing at 3 500° -4500OF. 
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